+ Tregs constitute a heterogeneous lymphocyte subpopulation essential for curtailing effector T cells and establishing peripheral tolerance. Calcineurin inhibitors (CNIs) are among the most effective agents in controlling effector T-cell responses in humans. However, CNIs also reduce the size of the Treg pool. The functional consequences of this negative effect and the mechanisms responsible remain to be elucidated. We report here that CNIs compromise the overall Treg immunoregulatory capacity to a greater extent than would be predicted by the reduction in the size of the Treg compartment, given that they selectively promote the apoptosis of the resting and activated Treg subsets that are known to display the most powerful suppressive function. These effects are caused by reduced access to IL-2, because Tregs remain capable of translocating NFAT even in the presence of high CNI levels. Exogenous IL-2 restores the phenotypic changes and overall gene-expression effects exerted by CNIs and can even promote Treg expansion by enhancing antiapoptotic Bcl-2 expression. In a skin transplant model, the addition of IL-2 synergizes with CNIs treatment, promoting intragraft accumulation of Tregs and prolonged allograft survival. Hence, the combination of IL-2 and CNIs constitutes an optimal immunomodulatory regimen that enhances the pool of suppressive Treg subsets while effectively controlling cytopathic T cells.
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CD25
+ FOXP3 + Tregs are essential for limiting the activity of effector T cells (Teffs) during proinflammatory responses and for maintaining self-tolerance. Treg imbalances and/or dysfunction lead to the development of immune-mediated diseases and tissue damage (1) . Furthermore, Tregs are involved in the mechanisms of action of a variety of immunotherapeutic strategies used in humans to curtail pathogenic immune responses. However, the extent to which currently used anti-inflammatory and/or immunosuppressive agents influence the functional and homeostatic properties of Tregs is still incompletely understood. Calcineurin inhibitors (CNIs) such as tacrolimus or cyclosporine A constitute the mainstay immunosuppressive agents in transplantation. CNIs inhibit the T-cell receptor (TCR)-induced translocation of nuclear factor of activated T cells (NFAT) into the nucleus, thereby blocking Teff function and IL-2 transcription (2). However, the inhibition of NFAT translocation may also hampers the function of tissue-protective Tregs, given the dependence of these cells on IL-2 and their need for nuclear NFAT to express FOXP3 efficiently (3, 4) . Indeed, several reports have described that transplanted patients treated with CNIs exhibit a reduced number of Tregs (5) , and the use of CNIs has been shown to break tolerance in allograft models known to be dependent on Tregs (6) . However, the specific mechanisms through which CNIs exert these effects and hinder the maintenance and function of Tregs remain to be elucidated. Tregs have been shown to be suppressive in other laboratories (8) ], the classification proposed by Miyara et al. remains widely used and has provided very useful information when applied to autoimmunity and cancer (9, 10) .
IL-2 is essential for the optimal development, survival, and function of Tregs. The IL-2 receptor α chain (CD25) is highly expressed in Tregs, allowing them to respond to very low concentrations of IL-2. IL-2 signaling through STAT5 is important for the expression of Treg-related genes such as Foxp3 and prosurvival genes such as Bcl-2 and Bcl-XL (11). Furthermore, several clinical studies have shown that low-dose IL-2 preferentially
Significance
Preservation and/or enhancement of Treg function is becoming a key component of modern immunotherapeutic strategies, but the direct influence of many immunosuppressive drugs on Tregs remains unknown. Calcineurin inhibitors (CNIs), which are widely used to treat inflammatory disorders, reduce the size of the Treg pool substantially, and this reduction might hinder their overall beneficial effects. Here we show that the decrease in Treg numbers is caused by increased cell death as a result of the limited availability of the IL-2 growth factor. Hence, the addition of IL-2 restores the survival and suppressive properties of Tregs exposed to CNIs and improves allograft survival. Our data provide a strong rationale for combining CNIs with IL-2 therapy to maximize effective immunosuppression and to promote tolerance acquisition. expands Tregs and is safe and efficacious in patients with autoimmunity or graft-versus-host disease (12) (13) (14) (15) .
In the current study we sought to delineate the effects of CNIs on the homeostasis and function of Tregs and the extent to which these effects are influenced by IL-2 availability. Our data indicate that CNIs markedly disrupt Treg homeostasis and have a negative impact on the most highly immunosuppressive Treg subsets. However, provision of exogenous IL-2 reverses these effects and synergizes with CNIs in neutralizing Teff responses and promoting allograft survival.
Results

CNI Treatment Selectively Reduces Resting and Activated Tregs by
Increasing Cellular Turnover and Apoptosis. To accurately assess the impact of CNI treatment on the Treg repertoire we conducted flow cytometry experiments of blood samples collected from liver transplant recipients receiving tacrolimus. Liver transplant patients displayed a lower frequency of circulating CD4
Tregs than age-matched healthy individuals (Fig. 1A and Fig. S1A) (Fig. S1D) . The effects of CNIs on Treg homeostasis were explored by quantifying cell proliferation and apoptosis using the cell-cyclerelated protein Ki67 and Annexin V, respectively ( Fig. 1 C and D) . Activated Treg subsets exhibited higher proliferation in transplant recipients than in healthy controls. The increased Treg proliferation observed in transplant recipients was paralleled by a higher proportion of resting and activated Tregs undergoing apoptosis.
To evaluate whether the influence of CNIs was independent of demographic and clinical parameters, we analyzed a cohort of kidney transplant recipients receiving CNIs and a cohort of nontransplanted chronic liver disease patients receiving no immunosuppressants (Table S1 ). In comparison with healthy controls, the number of resting and activated Tregs in kidney recipients was reduced to levels similar to those observed in CNI-treated liver recipients. In contrast, no changes in Treg subsets were observed in nontransplanted liver patients ( Fig. 1E and Fig. S1E ). When all study transplant recipients were analyzed together, age, but not recipient gender or time since transplantation, was noted to influence Treg subset distribution (CD45RA
lo cells increased, whereas CD45RA
hi cells decreased with age; P = 0.004 and P = 0.027, respectively). Moreover, no differences in Treg subsets were noted between transplant recipients receiving CNI monotherapy and those taking CNI in combination with other immunosuppressants.
CNI Treatment Modifies IL-2 and IL-7 Signaling in Tregs. Because IL-2 is essential to maintain Treg homeostasis, we investigated the availability and signaling efficiency of IL-2 in liver transplant patients. Transplant recipients showed a mild but significant reduction of circulating IL-2 ( Fig. 2A ) that became more apparent upon cell activation (Fig. 2B) . In addition the expression of CD25 on the CD45RA − FOXP3 hi -activated Treg subpopulation was significantly reduced in transplant recipients as compared with healthy controls (Fig. 2C ), and this decrease was associated with decreased sensitivity to IL-2 as assessed by the phosphorylation of STAT5 (Fig. 2D, Fig. S2A , and Table S2 ). On the other hand, transplant patients exhibited higher CD127 expression in CD45RA + Foxp3 lo Tregs and CD45RA − Foxp3 lo T cells (Fig. 2E ). This overexpression was inversely correlated with the expression of CD25 in liver recipients but not in healthy individuals ( Fig. 2F and Fig. S2B ). CD127 expression among FOXP3 + T-cell subsets was associated with differences in their capacity to respond to low concentrations of IL-7; this response was significantly lower in the activated CD45RA −
FOXP3
hi Treg subset ( Fig. 2G and Fig. S2C ).
IL-2 Enhances the Survival of CD45RA
− Foxp3 high Tregs. To determine if the homeostatic impairment of Tregs observed in CNI-treated patients was the result of differential responsiveness to IL-2 and IL-7, whole-blood specimens were cultured in vitro in the presence of clinically relevant concentrations of tacrolimus and either exogenous recombinant IL-2 (rIL-2) or IL-7 (rIL-7). FOXP3
+ Treg subsets were reduced in frequency after 4 d of culture in samples collected from healthy individuals and transplanted patients (Fig. 3A) . The addition of low doses of rIL-2 reversed the global FOXP3 + cell reduction in both groups and enhanced the expression of CD25 in Tregs but not in Teffs (Fig. S3A) . In contrast, rIL-7 significantly increased the number of FOXP3 + T cells only in transplant recipients. The improvement on FOXP3 + T cells observed in transplanted patients in response to IL-7 was caused by the increased survival of CD45RA − FOXP3 lo T cells. In contrast, IL-2 preferentially influenced the CD45RA − FOXP3 hi Treg subset (Fig.  3B) . The enhanced viability of activated Tregs after low-dose IL-2 treatment in the presence of tacrolimus correlated with decreased apoptosis and increased protein levels of the antiapoptotic gene Bcl-2 ( Fig. 3C and Fig. S3B ). , and patients with chronic liver disease (CLD, n = 18). *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.
IL-2 Restores the CNIs-Induced Homeostatic Dysfunction of Tregs in
Vivo. To elucidate the capacity of IL-2 to reverse the detrimental effects induced by CNIs, we assessed the changes in Treg homeostasis in mice treated with a 7-d course of tacrolimus with or without exogenous IL-2 administration. In agreement with our human data, Treg numbers in peripheral tissues decreased following tacrolimus administration, and this reduction was associated with a reduction in the expression of CD25 (Fig. 4 A and B) . Administration of lowdose rIL-2 (20,000 IU/d) to animals treated with tacrolimus restored Treg numbers and CD25 expression to normal levels. In humans, low doses of rIL-2 (0.5-3 million IU·m
) increase the proportion and absolute number of circulating Tregs two-to eightfold (17, 18) , but in mice this increase is observed only following administration of rIL-2/anti-IL-2 antibody complexes (IL-2c) (19) . To better model the human setting, we treated mice with a 7-d course of tacrolimus (5 mg/kg) in combination with IL-2c (on days 2, 3, and 4). The changes in Treg CD25, CTLA4, and Annexin-V expression following IL-2c treatment were similar to those observed after rIL-2 ( Fig. 4 C and D) . In contrast to rIL-2, however, IL-2c significantly increased Treg numbers regardless of whether mice had been exposed to tacrolimus. In agreement with our human data, CNIs decreased the expression of ICOS, a receptor reported to be important for Treg homeostasis and function (20, 21) in Tregs (Fig. 4E) . This reduction was restored by IL-2 treatment, confirming the dependence of ICOS expression on IL-2 (22) . Next, we assessed the suppressive function of the Tregs by culturing them with CD4 +
CD25
− Teffs from untreated mice activated with anti-CD3/CD28 beads. Tregs collected from tacrolimustreated mice were less efficient in suppressing effector T-cell proliferation (Fig. 4F) . However, the addition of IL-2c to tacrolimus therapy rescued the Treg phenotype and normalized the Treg suppressive properties.
Compared with Teffs, Tregs Exhibit Increased Nuclear NFAT Localization
Under Tacrolimus Treatment. CNIs can intrinsically influence Treg homeostasis by hindering the nuclear translocation of NFAT. Thus, we investigated the direct effect of CNIs in the distribution of NFAT1 in Tregs and Teffs. Cellular NFAT1 localization was determined with image cytometry-based measurements by assessing the signal overlap between NFAT1 and the DAPI nuclear marker, expressed as the similarity score. Mouse CD4 + T cells were cultured in the absence or presence of phorbol12-myristate13-acetate (PMA)/ionomycin for 30 min to evaluate NFAT1 localization in steady state and after stimulation (Fig. 5 A and B) . Although the concentration of NFAT1 in the nucleus of Tregs and Teffs was similar with PMA/ionomycin treatment, Tregs constitutively exhibited higher NFAT1 nuclear translocation in resting conditions (Fig. 5C ). To determine the differential effect of CNIs, we precultured the CD4 + T cells with various concentrations of tacrolimus (20 and 2 ng/mL) before stimulation. Similarly, nuclear NFAT1 was significantly increased in Tregs as compared with Teffs ( Fig. 5 C and D) . Next, we further investigated whether these differences in NFAT1 localization remained following prolonged CNI exposure in vivo. Freshly isolated T cells were analyzed from mice after a 7-d course of tacrolimus (5 mg·kg −1 ·d −1 ). Tregs displayed a significantly higher nuclear 100 pg/mL of IL-7. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. MFI, mean fluorescence intensity. translocation of NFAT1 than Teffs, independently of tacrolimus treatment (Fig. 5E ). Thus, Tregs exhibit an increased resistance to the intrinsic effects of CNIs with constitutive localization of NFAT into the nucleus.
Tacrolimus Drastically Modifies the Treg-Specific Transcriptional
Program in Vivo in an IL-2-Dependent Manner. To evaluate further the transcriptional effects of CNIs on Tregs, we performed whole-genome microarray analysis of Tregs and Teffs sorted from FOXP3-YFP reporter mice. The Treg-related gene signature was defined as the differential expression between Tregs and Teffs from untreated control mice (860 genes, P <0.05 and fold change >1.5) (Fig. 6A) . We selected the 50 genes with the highest differential expression and explored their transcriptional changes in Tregs sorted from mice treated with tacrolimus and/or IL-2c ( Fig. 6B and Fig. S4A ). Tacrolimus diminished the expression of genes known to be critical for effective Treg function, such as Foxp3, Il2ra, Tigit, Nrp1, and Areg. In contrast, only minimal transcriptional differences were observed in the 50-gene set when Tregs from control mice were compared with those treated with tacrolimus plus IL-2c or with IL-2c alone. Examination of all differentially expressed genes between control Tregs and those exposed to tacrolimus and/or IL-2c revealed, however, that each treatment combination resulted in a distinct transcriptional profile (Fig. 6C) . Gene Set Enrichment Analysis (GSEA) was used to confirm the differential effects of CNIs on Tregs and Teffs by evaluating the influence of tacrolimus on STAT5 transcriptional target genes. Among the 18,026 gene sets in the Molecular Signatures Database (MSigDB), we identified the Hallmark-IL-2-Stat5 signaling pathway (GSEA M5947; 200 genes) as the group of genes that best described the STAT5 pathway. The IL-2/Stat5 pathway was significantly overrepresented in the genes differentially expressed between control and tacrolimus-treated Tregs (q-value: 0.000) but not between control and tacrolimus-treated Teffs (q-value: 0.384) (Fig. S4B) . Of note, the addition of IL-2c to tacrolimus completely reversed these effects in Tregs but not in Teffs (Fig. S4C) . Thus, tacrolimus has a major impact on the Treg transcriptional profile that can be partially attributed to the lack of adequate IL-2 availability in vivo.
IL-2 Therapy Synergizes with CNIs in Promoting Skin Allograft
Survival. In an attempt to explore the clinical implications of our findings, and in particular whether administration of IL-2 together with a CNI optimizes the graft-protective properties of CNIs, B6 mice receiving a BALB/c skin transplant were treated with tacrolimus alone (daily from day −3 for up to 4 wk), IL-2c alone (four doses of IL-2c from day −1 to day 2 followed by two additional doses per week for up to 4 wk), or tacrolimus and IL-2c in combination (Fig. 7A) . Neither tacrolimus nor IL-2c alone could prolong graft survival compared with untreated controls. In contrast, combined tacrolimus plus IL-2c significantly increased graft survival (Fig. 7B) . To assess the capacity of IL-2 therapy to restore the Treg dysfunction observed in mice on prolonged CNI treatment, we conducted additional experiments in a MHC class-II mismatched skin transplant model in which the graft is protected by tacrolimus administration but rejection occurs rapidly once tacrolimus is discontinued (Fig. 7C ). In this model, in the absence of tacrolimus skin allografts were rejected within 14 d of transplantation (Fig. 7D) . In mice treated with tacrolimus the grafts survived during the 28 d of treatment but were rejected 12 d after drug discontinuation. In contrast, administration of four doses of IL-2c during the last week of tacrolimus treatment resulted in a significant prolongation of the skin allograft survival, with a mean rejection time of 31 d following tacrolimus discontinuation. Administration of IL-2c increased the frequency of Tregs and their surface expression of CD25 in peripheral blood (Fig. S5) , in draining lymph nodes (Fig. 7F) , and in the allograft itself (Fig. 7G) . Together, these findings indicate that from treated mice (n > 6 per group from three independent experiments). *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. 
Discussion
Given the growing interest in manipulating Treg numbers for immunomodulatory purposes, there is an increasing need to understand the mechanisms controlling Treg homeostasis and whether/how this regulation is influenced by currently available immunosuppressive agents. Because CNIs are known to decrease the number of circulating Tregs in transplanted patients, they are often excluded from immunotherapeutic regimens designed to promote immune regulation. However, the direct influence of CNIs on Tregs is by no means well established, given that calcium influx following TCR ligation is impaired in Tregs, and FOXP3 has been shown to repress NFAT2 transcriptionally, suggesting that Tregs may be less dependent on NFAT activity than Teffs (23, 24) . CNIs can also influence Tregs extrinsically by reducing the availability of IL-2 produced by Teffs. IL-2 signaling through STAT5 enhances the transcription of Foxp3 and Bcl-2 family genes, which are essential for the functional competence, stability and survival of Tregs (25) .
The constitutive expression of CD25 by Tregs increases their affinity to IL-2 by 10-to 100-fold compared with Teffs (11). Several studies in autoimmune patients have reported that even modest changes in CD25 expression modify IL-2 sensitivity and greatly influence Treg function (26, 27) . In the present study we observed diminished CD25 expression, reduced sensitivity to low concentrations of IL-2, and increased cell apoptosis in Tregs from transplant recipients receiving tacrolimus therapy. These effects occurred in a hierarchical manner, with CD45RA −
FOXP3
hi -activated Tregs being the most affected, as is consistent with their greater dependency on IL-2 survival signals, followed by the CD45RA +
lo resting Treg subset. In contrast, CD45RA −
lo CD4 + T cells were preserved because of their capacity to up-regulate CD127 and respond to IL-7. These data suggest that the insufficient basal production of IL-2 by Teffs is the direct cause of the dysfunctional Treg homeostasis observed in transplant recipients treated with CNIs.
Two additional lines of evidence support this interpretation. First, microarray analysis conducted on Tregs sorted from mice treated with tacrolimus demonstrated that a significant impairment in the expression of IL-2/STAT5 signaling and Tregspecific genes was reversed following administration of exogenous IL-2. Second, analysis of NFAT translocation demonstrated that, compared with Teffs, Tregs displayed an increased nuclear localization of NFAT in the presence of tacrolimus. These data differ from two previous publications reporting reduced effects of CNIs on Tregs (28, 29) . Vaeth et al. (29) failed to detect NFAT in the nucleus of Tregs and concluded that their function 
+ Tregs and CD25 expression in graft draining lymph nodes (E) and skin allografts (F) from nontransplanted (CN) and transplanted mice treated with tacrolimus (TAC) and treated or not treated with IL-2c 28 d after transplantation (n = 9 per group). *P < 0.05, ***P < 0.001, and ****P < 0.0001.
was not dependent on NFAT. Li et al. (28) reported that in Tregs a fraction of NFAT translocation was independent of calcineurin and constitutively localized into the nucleus. Our results obtained using image flow cytometry, which recapitulates the diversity of a cell population much better than the Western blot and confocal microscopy approaches used in the previous publications, indicate that tacrolimus is capable of restricting NFAT translocation in Tregs, but the overall effect is much lower than that observed in Teffs. These observations clarify why CNI-induced NFAT pathway disruption is unlikely to be the primary cause for the Treg homeostatic abnormalities observed in transplanted patients and provide a mechanistic explanation for the capacity of IL-2 to reverse partially the effects induced by tacrolimus. The immunotherapeutic relevance of these results is illustrated by the observation that the administration of tacrolimus in combination with IL-2 enhances the graft-protecting effects of tacrolimus by selectively expanding Tregs without unduly activating Teffs. These effects are synergistic when the combined tacrolimus and IL-2 treatment is initiated at the time of transplantation and are also apparent when IL-2 is administered at a later time point to transplant recipients on prolonged tacrolimus therapy. A synergistic effect of IL-2 and CNIs in combination with donor-specific transfusion or anti-lymphocyte serum had been described previously in a murine MHC-mismatched islet model and in a rat hind-limb transplant model, respectively (30, 31) . Our current work provides a clear mechanistic explanation for these previously reported findings.
The use of low-dose IL-2 therapy in different clinical contexts has been reported to result in preferential expansion of Tregs, with increased suppressive function on a cell-per-cell basis. Importantly, these effects are maintained for months while IL-2 is being administered and, in agreement with the findings reported here, are still observed in the presence of immunosuppressive drugs such as CNIs (32) (33) (34) (35) . Our current data indicate that CNIs do not interfere with the capacity of IL-2 to expand Tregs.
Hence, the combination of reduced levels of CNIs and low-dose IL-2 is likely to constitute an optimal immunosuppressive regimen to restrain Teffs while at the same time promoting Treg expansion in clinical transplantation.
Materials and Methods
Study Subjects. Age-and sex-matched patients and healthy controls were enrolled after providing informed consent and approval of the protocol by the Health Research Authority of the National Health Service, King's College London (reference: 15/NS/0062). Transplanted patients had stable graft function and were at least 1 y posttransplantation. Clinical and demographic characteristics are summarized further in Table S1 and in SI Materials and Methods.
Mice. Wild-type C57BL/6 (B6), BALB/c, and B6(C)-H2-Ab1bm12/KhEgJ (hereafter, "bm12") mice were purchased from Harlan and were kept in our specific pathogen-free animal facility at King's College London, London. FOXP3-YFP/cre mice were a kind gift of G. Lombardi, King's College London, London. All animals received humane care in compliance with the Animals (Scientific Procedures) Act 1986, and protocols were approved by the Animal Welfare and Ethical Review Body of King's College London.
Statistics. Unless otherwise stated, statistical analyses were performed with GraphPad Prism software. Student's t test was used for comparison between two groups, and ANOVA analysis with Tukey's post hoc correction for pairwise comparisons was used to compare more than two groups (*P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001). Data are reported as mean ± SEM.
